The purpose of this study was to examine the application of an ultrasonic pulse-reflection technique for the evaluation of adhesive defects. First, the sonic velocities in the enamel and dentin of human molars and bovine incisors were measured with a pulsar receiver attached to an ultrasonic transducer.
The identification of the dentino-enamel junction and pulp-dentin interface using the ultrasonic method based on intrinsic sonic velocities showed good agreement with the actual measured thicknesses.
Next, a cemented restoration with artificial faults was prepared. Half of the Au-Ag-Pd alloy plate area was cemented to the dentin slab using luting resin cement.
The adhesive interface was evaluated with a high-resolution ultrasonic imaging system. Clear internal faults were evident from the ultrasonic tomogram.
The findings of this study suggest that the ultrasonic pulse-reflection technique may be useful for inspecting and imaging structural defects of adhesive interfaces.
INTRODUCTION
The importance of adhesion is widely recognized in the field of dentistry. the diagnosis of periodontium5-8), the measurement of the thickness of dental hard tissue9-12) and mucosa under the dental plate13-16), and so forth.
However, to date, the ultrasonic system has not been employed to evaluate the resin/dentin adhesion for diagnostic equipment.
The fundamental principle of the ultrasonic pulse-reflection technique is based on the following. When a pulsed longitudinal wave reaches an object consisting of two media, it will be partly transmitted and partly reflected at the surface of the first medium and at the boundary between the two media, due to the difference in their acoustic impedance. Structural information can be acquired from the echo wave that is reflected and returned.
The signal amplitudes of the echo waves are displayed against the horizontal time axis as shown in Fig. 1 . In addition, if there are any structural anomalies such as defects, voids or discontinuity in the object, the echo transit times and the echo amplitude of reflected echo waves will provide information about the location and depth of these structural differences17,18).
The purpose of this study was to examine the possible application of an ultrasonic pulse-reflection technique to image and diagnose adhesive defects.
The two basic experiments conducted using this technique were: 1) the identification of the dentino-enamel junction (DEJ) and pulp-dentin interface (PDI); and 2) the detection of artificially induced internal faults in cemented cast restorations. The following experiments were performed using a water immersion testing method. The experimental conditions for the pulsar receiver and characteristics of the focusing transducer are shown in Table 1 and Table 2 , respectively. 1 . Measurement of the sonic velocity and identification of DEJ and PDI 1) Measurement of sonic velocities in human and bovine dentin/enamel Thirteen intact extracted human molars were randomly chosen, and a number of ap- V=2T/t•c (1) where V=Sonic velocity (m/sec), T=Thickness of the specimen (m), t=Time interval between pulse echoes (sec)
As the ultrasonic pulse wave reflected at the top and bottom surfaces of the specimen, the time intervals indicated the time needed for the ultrasonic wave to make a round trip within the specimen. Tables 3 and 4 show the mean sonic velocity and standard deviation in the enamel and dentin of human molars and bovine incisors. The sonic velocity in human enamel (6,244m/sec) was significantly higher than that in human dentin (4,095m/ sec) (p<0.05).
Sonic velocities in bovine enamel and dentin (5,425m/sec and 3,663 m/sec, respectively) were significantly lower compared with those in human teeth (p<0.05).
Representative echograms of a human molar and bovine incisor are shown in Fig. 3 . Both specimens demonstrated similar echo patterns that have three marked echo pulses. These three echo pulses indicated the enamel surface (E), DEJ and PDI for the human teeth, and the bottom surface (B) for the bovine incisors. On the echogram of the human molar in Fig. 3a , the E-to-DEJ time interval was 248 nsec, and the DEJ-to-PDI time interval was 720 nsec. Using the measured sonic velocities, the enamel and dentin layers of this specimen were estimated to be 0.774mm thick 2. Detection of internal faults in cemented cast restorations Figs. 4a and 4b represent the changes of repeated echo waves at the nonbonded and the bonded parts, respectively, of the cemented Au-Ag-Pd alloy plate/dentin slab, which sealed the margin of the nonbonded area using cyanoacrylate. In these reflected echo waves, one wave mass means one echo pattern that was formed by one wave's round trip.
A distinct difference was recognized between the echo patterns of these two areas.
The amplitudes of the repeated echo waves (the echo amplitude) decreased gradually in the nonbonded area (Fig. 4a) . On the other hand, a rapid decrease in the echo amplitude, which is a rapid attenuation of the echo wave, was observed in the bonded area (Fig. 4b) .
C-scan images obtained from the relative intensity of amplitudes of the first and second echoes are shown in Fig. 5 
DISCUSSION
In this study, we examined the adhesive defect by an ultrasonic pulse-reflection technique using an improved ultrasonic transducer and ultrasonic pulsar receiver with great accuracy. In fact, the pulsar receiver used for these measurements has excellent characteristics.
Since the rising time of the sonic pulses is below 1 nsec, it can be adapted to the ultrasonic measurement using a high frequency (20MHz), which allows precise measurement of thinner enamel and dentin. In addition, the ultrasonic transducer has high resolution and sensitivity in the high-frequency range. The ability to measure the thickness of a test sample depends on the limit of readability between the echo waves on the oscilloscope and the pulse persistence time. As the pulse width of the transducer used in this study is 50 nsec (Table 2) , it can measure samples to a minimum thickness of 0.1mm when the acoustic velocity of the material (dentin) is 4,000m/s.
Furthermore, this focused transducer with a beam diameter (d) of 0.45mm at the focal distance of 19mm (which can minimize the measurement range as much as possible) was used to obtain a clear waveform. Detection of internal faults in cemented cast restorations The dislodgment of a cemented cast restoration generally is caused by the development of secondary caries at the margin and/or the failure or dissolution of the luting cement at the cement/casting interface under excessive occlusal loading. Reliable methods to predict the adhesive failure are desirable to detect secondary caries detected at an early stage and prevent its progression. In this study, ultrasonic examination of internal faults in cemented Au-Ag-Pd alloy plate/dentin slabs was conducted to evaluate it as a possible diagnostic tool for oral examinations.
As shown in Figs. 4a and 4b, the marked differences in repeated echo waves at bonded and nonbonded areas were attributed to the presence or absence of luting cement since all other variables were controlled. As the margin of the nonbonded area was sealed using cyanoacrylate, the space in the nonbonded area was filled with air. It was suggested that the presence of air completely intercepted the transmission of the pulse wave to bovine dentin, and only repeated echo waves from the surface and bottom of the Au-Ag-Pd alloy plate were detected with no other losses. As a consequence, the gradual decrease of echo amplitude was recognized, as shown in Fig. 4a .
On the other hand, the rapid decrease of the repeated echo amplitude, which is an attenuation of the echo wave, was evident at the bonded area (Fig. 4b) . This attenuation may be explained by the superior ultrasonic transmission of the resin cement. Since pulse waves pass through the resin cement into dentin, a rapid decrease in the echo intensity might be caused by direct absorption, scattering and dispersion by the specimen itself and all the boundaries in the specimen consisting of metal, cement and dentin.
Furthermore, internal faults were clearly demonstrated on the ultrasonic tomograms during C-scan imaging (Fig. 5) . For practical clinical application, visualization of internal faults by color mapping on an ultrasonic tomogram is more effective than by differences in waveforms.
More detailed horizontal scanning may enable the quantitative evaluation of the vertical dimensions of internal faults. 
CONCLUSIONS
1. The sonic velocity in human enamel (6,244m/sec) was significantly higher than that in human dentin (4,095m/sec) (p<0.05). The sonic velocities in bovine enamel and dentin showed significantly lower values (5,425m/sec and 3,663m/sec, respectively) in comparison with those in human teeth (p<0.05). 2. The identification of the DEJ and PDI (or B for bovine incisors) in human molars by an ultrasonic pulse-reflection technique was very accurate and showed good agreement with the actual measured thickness. 3. A distinct difference was recognized between the echo patterns at the bonded and the nonbonded parts of a cemented Au-Ag-Pd alloy plate/dentin slab. Internal faults were demonstrated clearly on color mapping images of the ultrasonic tomogram. 4. The above results suggested that the ultrasonic pulse-reflection technique has the potential to be an accurate diagnostic tool for evaluating adhesive defects. 
